Background Children with bicuspid aortic valve (BAV) are at risk for serious complications including aortic valve stenosis and aortic rupture. Most studies investigating biomarkers predictive of BAV complications are focused on adults. Objective To investigate whether hemodynamic parameters change over time in children and young adults with BAV by comparing baseline and follow-up four-dimensional (4-D) flow MRI examinations. Materials and methods We retrospectively included 19 children and young adults with BAV who had serial 4-D flow MRI exams (mean difference in scan dates 1.8±1.0 [range, 0.6-3.4 years]). We compared aortic peak blood flow velocity, three-dimensional (3-D) wall shear stress, aortic root and ascending aortic (AAo) z-scores between baseline and follow-up exams. We generated systolic streamlines for all patients and visually compared their baseline and follow-up exams. Results The only significant difference between baseline and follow-up exams occurred in AAo z-scores (3.12±2.62 vs. 3.59 ±2.76, P<0.05) indicating growth of the AAo out of proportion to somatic growth. There were no significant changes in either peak velocity or 3-D wall shear stress between baseline and follow-up exams. Ascending aortic peak velocity at baseline correlated with annual change in AAo z-score (r=0.58, P=0.009). Visual assessment revealed abnormal blood flow patterns, which were unique to each patient and remained stable between baseline and follow-up exams. Conclusion In our pediatric and young adult BAV cohort, hemodynamic markers and systolic blood flow patterns remained stable over short-term follow-up despite significant AAo growth, suggesting minimal acute disease progression. Baseline AAo peak velocity was a predictor of AAo dilation and might help in determining pediatric patients with BAV who are at risk of increased AAo growth.
Introduction
Bicuspid aortic valve (BAV) is the most common congenital cardiac defect, with an estimated prevalence in the general population of 0.5-2% [1] . People with BAV are often asymptomatic in childhood and adolescence but are at risk for serious future complications such as aortic valve stenosis, aortic aneurysm and aortic dissection [2] [3] [4] [5] [6] [7] . Researchers have identified valve degeneration and aortic dilation as a prognostic indicators for adverse cardiac events [5, 8, 9] and suggest that people with these findings be followed more frequently. Valve morphology has also been shown to potentially play a role in BAV disease progression [7, [10] [11] [12] [13] . Different commissure fusion patterns lead to different transvalvular aortic outflow jet angles and can increase wall shear stress on various areas of the ascending aorta (AAo). Recent developments in four-dimensional (4-D) flow MRI have allowed for the three-dimensional (3-D) quantification of wall shear stress [14] and provide evidence that elevated wall shear stress in people with BAV is associated with BAV morphology, expression of aortic pathology type [15] , and aortic medial wall degeneration at histopathology [16] .
Most studies investigating biomarkers predictive for BAV complications have focused on adults [9, 10, 15, 17, 18] . Less is known about how the disease progresses in children and adolescents, even though progressive dilation begins in childhood [7, 19, 20] . A study by Holmes et al. [12] found that the pediatric BAV population underwent greatly increased AAo growth rates compared to normal children. Another study found that pediatric patients with BAV with left-right coronary commissure fusion morphology are at increased risk for aortic root dilation and that baseline aortic annular hypoplasia predicts progressive aortic stenosis [21] . However these studies used echocardiographic data and lacked the anatomical measurements and advanced hemodynamic parameters (wall shear stress, 3-D blood flow visualization) available with 4-D flow MRI, and these measurements might provide additional insight into BAV disease progression.
We investigated whether hemodynamic parameters change over time in children and young adults with BAV by comparing baseline and follow-up aortic size, peak aortic velocities, aortic 3-D wall shear stress, and systolic flow patterns on serial MRI examinations.
Materials and methods

Patient selection and characteristics
Twenty-five children and young adults with BAV who received baseline and at least one follow-up 4-D flow MRI study performed as part of a physician-ordered cardiac MRI were included in this retrospective study. We obtained institutional review board (IRB) approval and complied with the Health Insurance Portability and Accountability Act. Consent was obtained for 4-D flow MRI per IRB protocol. In the case of children with multiple follow-ups, we analyzed all follow-ups but only considered the most recent follow-up in comparative analysis with the baseline study. Exclusion criteria included aortic valve replacement, surgical intervention between baseline and follow-up, complex congenital heart disease, and any connective tissue disease other than Turner syndrome. Patients were anesthetized for MRI studies according to institutional protocol. To investigate whether specific subgroups of people with BAV underwent different rates and mechanisms of BAV disease progression, we analyzed patients according to valve morphology. We divided patients into two groups: right-left and right-noncoronary commissure BAV fusion per the Sievers classification [22] .
Magnetic resonance imaging
Cardiac MRI studies were performed at 1.5 T (Avanto or Aera; Siemens, Erlangen, Germany) using either a 12-channel body matrix coil (Avanto) or an 18-channel body matrix coil (Aera) on larger patients, or a 4-channel flex coil on smaller patients. Cine steady-state free precession (SSFP) images were obtained in 2-and 4-chamber and short-axis views. Short-and long-axis cine SSFP and/or gradient echo aortic valve and sinus were obtained. Three-dimensional gradient echo MR angiography using respiratory navigator triggering and electrocardiographic (ECG) gating to systole with 1.0-1.5 × 1.0-1.5-mm pixel size and 0.9-1.5-mm slice thickness was performed following administration of contrast agent (gadopentetate dimeglumine/Magnevist by Bayer Healthcare, Berlin, Germany; or gadofosveset trisodium/Ablavar by Lantheus, North Billerica, MA). Four-dimensional flow MRI data were acquired in a 3-D volume set encompassing the thorax with three-directional velocity encoding, respiratory navigator triggering and prospective ECG gating [23] . 
Data analysis -aortic dimensions
We used EchoIMS (Merge Healthcare, Chicago, IL) to record aortic root and AAo z-scores from either the systolic 3-D MR angiographic images reconstructed in the axial plane relative to the aortic root or the systolic-phase SSFP or gradient-echo cine images acquired in the axial plane relative to the aortic root. Aortic root measurements were made at the sinuses of Valsalva using the sinus-to-sinus dimension while AAo measurements were made at the largest cross-section of the AAo.
Data analysis -4-D flow magnetic resonance imaging
Four-dimensional flow MRI data were preprocessed to correct for noise, eddy currents, Maxwell terms and velocity aliasing using an in-house tool [24] (MATLAB; MathWorks, Natick, MA). We computed a time-averaged 3-D phase-contrast angiogram as described previously [23] and used this as an anatomical guide for thoracic aorta 3-D segmentation (Mimics; Materialise, Leuven, Belgium). We used the 3-D segmented aorta to mask the 4-D flow velocity field to further assess blood flow patterns, peak velocity, regurgitant fractions and wall shear stress.
Three-dimensional flow visualization
We generated systolic 3-D streamlines peak systolic time points (EnSight; CEI, Apex, NC) for each scan to visually compare flow patterns throughout the aorta between baseline and follow-up (Fig. 1) . For each patient, two observers gave a qualitative consensus score of 0-2; the observers included a pediatric radiologist (C.K.R., with 18 years of cardiovascular MR experience) and a pediatric cardiologist (J.D.R., with 10 years of cardiovascular MR experience) who were blinded to patient history as to whether the patient experienced no change (0), mild change (1) or severe change (2) in blood flow patterns between baseline and most distant follow-up. Grade 1 was defined as a qualitatively mild change in the character of the flow signature, including either an increase or decrease in a vortex or helix pattern, or a change from laminar to helical or vortical flow. Grade 2 was defined as a qualitatively significant change in the character of the flow signature including either an increase or decrease in a vortex or helix pattern, or a change from laminar to helical or vortical flow.
Prior to performing the blinded qualitative assessment, the two readers evaluated five aortic flow studies on subjects who were not included in this study as training data. Because the assessment of change was qualitative, mild versus severe differences in flow patterns were deemed to be definable as a qualitative measure of change. A moderate change could not be qualitatively defined, so a moderate change category was not used. Additionally, to determine whether children with BAV exhibit similar flow patterns to one other or patientspecific flow patterns (flow "signatures"), both observers independently attempted to pair the baseline and follow-up studies presented blindly in a random order as peak systolic streamlines in an oblique sagittal reconstruction. There was at least 1 month of time between the blinded review of the findings for qualitative changes in flow patterns and the blinded attempt to pair the examinations, to avoid recall bias.
Peak velocity calculation, aortic stenosis and aortic regurgitation assessment
We used the masked aorta velocity field to generate peak systolic velocity maximum-intensity projections (MIP) as previously described [25] . Peak systole was defined as the timepoint in which the average velocity was highest throughout every voxel in the segment. Peak velocities were extracted from three regions of interest (ROI): the AAo, aortic arch and descending aorta (Fig. 1) . The AAo region of interest was defined as beginning immediately below the aortic valve and ending directly proximal to the brachiocephalic trunk. The aortic arch ROI was defined as beginning at the brachiocephalic trunk and ending just distal to the left subclavian artery. The descending aorta ROI was defined as beginning distal to the left subclavian artery and ending in the middescending aorta at the level below the aortic valve. As per American College of Cardiology/American Heart Association guidelines [26] , AAo peak velocity less than 2.0 m/s was considered as no stenosis, peak velocity greater than 2.0 m/s and less than 3.0 m/s was considered mild stenosis, peak velocity greater than 3.0 m/s and less than 4.0 m/s was considered moderate stenosis, and peak velocity greater than 4.0 m/s was considered severe stenosis. Mild aortic regurgitation was defined as an aortic valve regurgitant fraction between 5 and 30%. Moderate aortic regurgitation was defined as 30 to 50%. Severe aortic regurgitation was defined as greater than 50%.
Three-dimensional wall shear stress calculations
We used the masked aorta velocity field to calculate peak systolic 3-D wall shear stress vectors along the entire aortic surface as described previously [14] (Fig. 1 ). Average systolic wall shear stress magnitude was calculated from four ROIs: inner proximal AAo, outer proximal AAo, inner distal AAo and outer distal AAo. The proximal AAo was defined as beginning at the aortic root and ending half-way between the aortic root and brachiocephalic trunk. The distal AAo was defined as half-way between the aortic root and brachiocephalic trunk and ending at the brachiocephalic trunk. The inner AAo was defined as spanning from the inner curvature of the AAo to the centerline of the aorta as viewed on sagittal images. The outer AAo was defined as spanning from the outer curvature of the AAo to the centerline of the aorta as viewed on sagittal images. The boundaries of the ROIs are shown in Fig. 1 . Additionally, we calculated the wall shear stress for the entire AAo by averaging across all four ROIs.
Subgroup analysis
We compared baseline and follow-up z-scores, peak velocities and 3-D wall shear stress values for the subgroups of Turner syndrome, right-left commissure and right-noncommissure aortic valve fusion patterns.
Statistical analysis
Continuous variables were provided as means ± standard deviations. The Wilcoxon signed rank test was used to test the significance of the differences between baseline and follow-up of peak velocity, regional mean 3-D wall shear stress, and total average 3-D wall shear stress and aortic root and AAo zscores. A power calculation based on total subjects and the standard deviations of wall shear stress and peak velocity values was performed to determine the power to detect differences in these values between the baseline and follow-up studies. Pearson correlation coefficients were calculated to test the correlation of relationships between various combinations of root and AAo z-scores and AAo diameter indexed to body surface area, peak velocity, 3-D wall shear stress and age. A P value <0.05 was considered statistically significant.
Results
Patient demographics
Final cohort size was 19 patients with mean age of 14.0 years (standard deviation [SD]±5.7 years; range, 0.9-21.4 years) at baseline, and mean age of 15.7 years (SD±5.6 years; range, 2.0-22.4 years) at follow-up, with a male-to-female ratio of 12:7. Six patients were excluded because of coarctation repair between baseline and follow-up (n=1), interrupted aortic arch repair (n=1), severe velocity aliasing on 4-D flow images (n=1), aortic valve replacement (n=1), substantial metallic artifact (n=1) and Loeys-Dietz syndrome (n=1). Mean±SD time difference between baseline and follow-up was 1.8±1.0 years (range, 0.6-3.4 years). Five patients had right-noncoronary commissure fusion and 14 patients had right-left commissure fusion. Four patients had Turner syndrome but no other patients had connective tissue diseases. Nine patients were taking no cardiac medications at baseline or follow-up, six were taking one cardiac medication at baseline and follow-up (3 lisinopril, 2 atenolol, 1 losartan) and four began taking a cardiac medication between the first and second exams (1 atenolol, 3 losartan; Table 1 ). Five of 19 patients underwent anesthesia for baseline and follow-up scans; 5 underwent anesthesia for baseline but not for follow-up scans; and 9 did not undergo anesthesia.
Aortic root and ascending aorta z-scores
Aortic z-score results are summarized in Table 2 . Aortic root and ascending aortic z-scores were similar for baseline and follow-up (aortic root: 3.25±1.81 vs. 3.45±1.91, P=0.44, mean annual change = 0.2±0.6 per year; AAo: 3.12±2.62 vs. 3.59±2.76, P=0.08, mean annual change = 0.6±0.6 per year).
Three-dimensional flow visualization
Examples of aortic blood flow visualization at baseline and follow-up for six individual patients are shown in Fig. 2 
Peak velocity, aortic stenosis and aortic regurgitation
Peak systolic velocity results are summarized in Table 2 and Fig. 3 . There were no significant changes in peak systolic velocity in any aortic regions for the full cohort or for any of the subgroups. Based on the standard deviations of the peak systolic velocities and a sample size of 19 subjects, this study was determined to have a power of 81% to detect a difference in velocity of 0.6 m/s between baseline and follow-up at P=0.05 significance level. At baseline (Table 1) , no aortic stenosis was found in seven patients, mild stenosis was found in nine patients, moderate stenosis was found in two patients and severe stenosis was found in one patient. At follow-up, there was no stenosis in seven patients, mild stenosis in nine patients, moderate stenosis in three patients, and no severe stenosis. The patient who qualified as having severe stenosis at baseline, which then regressed to moderate at follow-up, was borderline between moderate and severe and showed a difference in peak velocity (4.0 m/s vs. 3.9 m/s) that was clinically insignificant and likely indicative of measurement error rather than disease change. One patient had mild aortic regurgitation (regurgitant fraction of 10%) and none had moderate or severe aortic regurgitation.
Three-dimensional wall shear stress
Results of 3-D wall shear stress quantification are summarized in Table 2 and Fig. 3 . There were no significant regional changes in 3-D wall shear stress for the full cohort, the Turner subgroup, the right-left commissure fusion subgroup or the right-noncommissure fusion subgroup. For the full cohort, the most pronounced, but non-significant, change in 3-D wall shear stress occurred in the outer proximal aorta (−0.07 ±0.20 Pa, P=0.12). Based on the standard deviations of wall shear stress and a sample size of 19 subjects, this study was Fig. 1 Comparison of baseline (a, c, e; 16.7 years old) and follow-up (b, d, f; 17.7 years old) scans for a boy with bicuspid aortic valve with rightleft commissure fusion pattern. Systolic 3-D streamline flow patterns color-coded by velocity (in m/s) at different time points. a, b Peak systolic velocities were extracted from velocity maximum-intensity projections (c, d) in the ascending aorta, (AAo) arch, and descending aorta. Regional wall shear stress (WSS) values (in pascals, or Pa) were calculated from wall shear stress maps (e, f) for inner proximal, outer proximal, inner distal and outer distal ascending aortic regions 
Correlations
Results of correlation analyses are summarized in Table 3 .
There was a significant relationship between baseline peak AAo velocity and AAo z-score change per year (r=0.57, P=0.01) and annual change in AAo z-score between baseline and follow-up (r=0.58, P=0.01; Fig. 4 ). There was no significant correlation between baseline wall shear stress and aortic diameters indexed to body surface area (r=−0.25, P=0.32).
Subgroup analysis
Results for the Turner syndrome, right-left commissure and right-noncommissure fusion pattern subgroup analyses are . One observer matched all baseline and follow-up patient images and one observer was only unable to match images (k) and (l) as the same patient summarized in Table 2 . There were no significant changes between baseline and follow-up for any of the parameters evaluated.
Discussion
Our findings illustrate the stability of 3-D wall shear stress and peak velocity in our cohort of children and young adults with BAV, with no significant changes in these parameters during a mean follow-up time of 1.8±1.0 years. Our visual assessment of systolic streamlines revealed unique, patient-specific flow derangement patterns that remained relatively unchanged over time.
A prior study investigating the test-retest stability of thoracic 4-D flow parameters in 14 healthy adult controls who underwent test-retest aortic 4-D flow MRI studies separated by 16±3 days showed that systolic velocity and wall shear stress derived from 4-D flow MRI are reproducible between consecutive visits with low inter-observer variability [27] . Our study adds to the 4-D flow MRI stability literature in that our BAV patients had stable flow parameters over a longer period of follow-up time than this prior study's test-retest evaluation period.
We also found a significant correlation between elevated AAo peak velocity at baseline and AAo diameter growth between baseline and follow-up exams. The relationship between baseline AAo peak velocity and AAo diameter growth suggests that elevated peak velocity is predictive of AAo dilation in subjects with BAV. Bissel et al. [10] found that people with BAV and with aortic stenosis had increased mid AAo diameters compared to those without stenosis. However their study did not assess longitudinal data. A long-term follow-up study of 416 adults with BAV by Michelena et al. [3] found baseline aortic stenosis to be a predictor of aortic aneurysm formation. Their findings are in line with ours and suggest that elevated peak velocity might predict AAo growth.
We also found there were significant increases in AAo zscores between baseline and follow-up for our entire cohort. Our findings indicate that our cohort underwent aortic growth out of proportion to somatic growth and at an increased rate relative to the general pediatric population, which is in accordance with adult and pediatric data [12, 17] .
Our results showed no significant correlation between baseline 3-D wall shear stress and aortic diameters. This is contrary to what has been reported in adults with BAV, where increased wall shear stress has been found to correlate with increased AAo diameters and in adults with aortic aneurysm AAo ascending aorta, BSA body surface area, WSS averaged wall shear stress over all aortic regions of interest [10] where increased wall shear stress has been found to be significantly lower in the dilated AAo [28] . In our study, we measured AAo z-scores instead of absolute AAo diameters, which might make our detection of diameter changes less sensitive and result in missing the correlation between wall shear stress and AAo dilation. Additionally, our short-term follow-up might not provide sufficient time for interval wall shear stress change. Wall shear stress and peak velocity stability between scans suggests little disease progression over the time period studied. The stability highlights the reproducibility of 4-D flow 3-D wall shear stress and peak velocity measurements. A previous study investigated hemodynamics (3-D wall shear stress, peak velocity and aortic z-scores) using 4-D flow MRI in 30 children and young adults with BAV [29] . Like us, those authors found no correlation between wall shear stress and AAo z-scores. However, unlike in our study, they found no correlation between peak velocity and AAo z-scores.
The disagreement might be explained by differences in study design because we used longitudinal data while their study was limited to a single exam per patient. The importance of identifying patient-specific changes for surveillance is further supported by our visual analysis of systolic 3-D streamlines. We found that patients had unique flow signatures that remained stable over time. We also found stable hemodynamics, with stable peak velocity and 3-D wall shear stress despite significant AAo growth. This suggests no substantial short-term disease progression. It is beyond the scope of the study to explain the variance of flow patterns among patients, but recent studies have reported valve morphology and flow jet angle to be primary drivers of blood flow patterns in the presence of BAV [10, 30] . Future more quantitative analysis using artificial intelligence might prove useful for flow pattern grading.
Our study has limitations. The main limitation is the short-term follow-up, so it is possible that we did not observe significant changes in 3-D wall shear stress and peak velocity because of insufficient time between exams. We are also limited by the retrospective nature of our study of people with BAV referred for two MRI exams during our data collection timeframe, so it is possible that these patients have greater disease severity than the general BAV population and the results might by skewed by selection bias. Our cohort was relatively small, so because of the scarcity of longitudinal pediatric and young adult BAV 4-D flow data, we were conservative with exclusion criteria and included those with surgical or catheter interventions if the native aortic valve was spared and the surgical intervention did not occur between baseline and follow-up scans. This introduces confounding factors and results in a heterogeneous cohort of children and young adults with BAV who might not represent the general BAV population. Additionally, the small study cohort resulted in even smaller subgroups for analysis based on valve morphology and Turner syndrome. The lack of significant results in the velocity and wall shear stress analyses could be a result of small sample size; however the power calculations suggest that we would have seen any clinically significant differences in velocity (power of 81% to detect a difference in velocity of 0.6 m/s between baseline and follow-up at P=0.05 significance level) and significant differences in wall shear stress (power of 85% to detect a difference of 0.25 Pa between baseline and follow-up at a P=0.05 significance level). Ten patients received anesthesia for the examination, so comparison of these examinations with those not performed under anesthesia might be compromised because of the reported anesthetic effects on cardiac output [31] . Last, 6 of the 19 patients in our cohort were taking cardiac medications prior to the baseline scan and 4 of the 19 patients began taking a cardiac medication between the baseline and the first follow-up examination. How these medications might have affected aortic growth rates in this small population is not known.
Conclusion
Children and young adults with BAV undergo increased AAo growth rates compared with healthy controls and might be at higher risk for aortic dilation if they have elevated baseline AAo peak velocities. Additionally, peak velocity, 3-D wall shear stress and signature systolic 3-D blood flow patterns remain stable over short-term followup even if there is significant AAo growth. Fourdimensional flow MRI might be useful in monitoring people with BAV by providing noninvasive and robust Fig. 4 Change in ascending aortic (AAo) z-score per year vs. baseline AAo peak velocity for all patients. The outlier data likely reflect the imperfect correlation between the change in AAo z-score and baseline peak velocity in this small cohort quantitative measures of the entire thoracic aorta along with 3-D blood flow visualization. Longer-term followup is needed to further understand how pediatric and young adult BAV disease progresses and which patients are at increased risk for adverse cardiovascular events.
